Introduction
In the past decade, organic solar cells (OSCs) have attracted much attention owing to their unique advantages, which include their low fabrication cost, their light weight, and their good mechanical flexibility. [1] [2] [3] [4] [5] The introduction of low band-gap conjugated polymers has led to tremendous progress in polymer solar cells (PSCs), and promising power conversion efficiencies (PCEs) of over 9 % have been achieved. [6] More recently, solution-processed OSCs based on conjugated small molecules have been developed rapidly because of their definite chemical structure, easy purification, and good synthetic reproducibility. [7] [8] [9] [10] [11] [12] [13] Small-molecule organic solar cells (SMOSCs) based on planar linear acceptordonor-acceptor (A-D-A) type molecules have achieved PCEs over 8 %, [8, 12] which is very close to the highest PCE of 9.2 % reported for PSCs. [6] So far, this relatively low PCE is still a bottleneck in the commercial application of solution-processed SMOSCs. Hence, new low band-gap small molecules need to be designed and synthesized to improve device performance.
To obtain ideal small-molecule donor materials for highperformance OSCs, the synthesis of low band-gap small molecules containing electron-donating groups and electronwithdrawing groups has become a widely used strategy over the past few years. [8, 10, 12] Among the variety of developed electron-donating materials for SMOSCs, heterocyclic molecules with planar structures have received considerable attention. Recently, benzo[1,2-b:4,5-b']dithiophene (BDT) has emerged as a promising electron-donating material for photovoltaic applications owing to its relatively convenient modification and planar conjugated structure, which can enhance p-p stacking in the solid state and enhance electron delocalization. [14] [15] [16] [17] [18] [19] To date, SMOSCs based on BDT derivatives have achieved PCEs over 8 %. [12] Although the structure of benzo[1,2-b:4,5-b']difuran (BDF) is similar to that of BDT, the oxygen atom possesses a smaller diameter and higher electronegativity than a sulfur atom, [20] [21] [22] [23] which may result in good packing of BDF-based molecular backbones. Polymers based on BDF have achieved promising PCEs. Hou et al. reported an alternating 2D copolymer of BDF and thienoA C H T U N G T R E N N U N G [3,4-b] thiophene (TT), namely, PBDFTT-CF-T, as a donor material and obtained a high PCE of over 6 %. [24] However, small molecules with a BDF moiety as the building block for solution-processed OSCs have not been reportAbstract: A new organic small molecule, DCA3TBDF, with a 2D benzo [1,2- 
(BDF) moiety as the central core and octyl cyanoacetate units as the end-capped blocks, was designed and synthesized for solution-processed bulk heterojunction solar cells. DCA3TBDF possesses good solubility in common organic solvents such as toluene, CH 2 Cl 2 , chlorobenzene, and CHCl 3 and good thermal stability with an onset decomposition temperature with 5 % weight-loss occurring at 361 8C. The DCA3TBDF thin film showed a broad absorption at l = 320-700 nm and high crystallinity. Small-molecule organic solar cells based on DCA3TBDF and [6, 6] phenyl-C 61 -butyric acid methyl ester demonstrated promising power conversion efficiency with a high fill factor under the illumination of AM 1.5G (100 mW cm
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Alkyl cyanoacetates have a simple conjugated structure and strong electron-withdrawing ability. [12] In most cases, not only does the introduction of an alkyl cyanoacetate effectively regulate the energy levels of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) but it also improves the solubility of the targeted molecules. According to the literature, the alkyl cyanoacetate group is a widely used acceptor for constructing high-performance SMOSCs. [7, 9, 12] Considering the above discussions, the investigation of BDF-based small molecules with an alkyl cyanoacetate group as an electron acceptor should be a new donor material for the development of SMOSCs. In this work, we successfully synthesized a novel 2D organic small molecule, DCA3TBDF ( 
Results and Discussion

Synthesis and Characterization
The detailed synthetic route to DCA3TBDF is given in 
Thermal Stability
Thermal stability of the small molecule is very important for fabrication of its photovoltaic device. As shown in Figure 1 , thermogravimetric analysis (TGA) of DCA3TBDF indicates good thermal stability; the onset decomposition temperature (T d ) with 5 % weight loss occurs at 361 8C under a N 2 atmosphere. Such high thermal stability could prevent the deformation of the morphology of a DCA3TBDF film and also prevent the degradation of the small-molecular active layer under applied solution-processed SMOSCs.
Optical Properties
The normalized UV/Vis absorption spectra of DCA3TBDF in diluted CHCl 3 solution and in the film are shown in Figure 2 . In solution, DCA3TBDF displays an absorption band at l = 320-625 nm and a maximum absorption band at l = 520 nm. As a film, DCA3TBDF shows two absorption bands at l = 582 and 635 nm. The long wavelength absorption is mainly caused by the strong D-A charge-transfer state. [19] The absorption of DCA3TBDF in the solid state is strongly redshifted and broader than that in solution, which indicates that the extended 2D BDF planar system of DCA3TBDF is beneficial in promoting p-p stacking interactions. [24] [25] [26] The optical band gap calculated from the absorption edge (690 nm) of the thin film is approximately 1.80 eV. 
Electrochemical Properties
The electrochemical properties of DCA3TBDF were investigated by cyclic voltammetry by using a platinum working electrode in 0.1 m Bu 4 NPF 6 /CH 3 CN solution with a scan rate of 100 mV s
À1
. The onset potential of the oxidation wave of DCA3TBDF was 0.80 V versus Ag/AgCl (Figure 3) , which corresponds to a HOMO energy level of À5.12 eV. As is well known, V oc is mainly dependent on the difference between the energy level of the HOMO of the donor and the energy level of the LUMO of the acceptor (usually fullerene derivatives as the acceptor). [13] DCA3TBDF possesses a low-lying HOMO energy level because of the strong electron-accepting ability of the alkyl cyanoacetate unit and the 2D conjugated substituted side chain. Thus, high values of V oc for SMOSCs based on DCA3TBDF and PC 61 BM could be expected. The LUMO energy level was determined to be approximately À3.32 eV by using its HOMO energy level and the optical band gap. The calculated LUMO energy level of DCA3TBDF is approximately 0.88 eV above the LUMO level (À4.2 eV) of PC 61 BM as an n-type electron acceptor, which generates a large driving force for the transfer and separation of photogenerated charge carriers in the D-A interface. [3] Scheme 2. Synthetic route to DCA3TBDF. NBS = N-bromosuccinimide. 
Photovoltaic Properties
The photovoltaic properties of DCA3TBDF were investigated with the conventional device structure of ITO/PE-DOT:PSS/DCA3TBDF:PC 61 BM/Ca/Al [ITO = indium tin oxide, PEDOT:PSS = poly(3,4-ethylenedioxythiophene) polystyrene sulfonate]. Details of the fabrication and measurements of the device are described in the Experimental Section. The corresponding characteristics of the resulting devices are summarized in Table 1 . First, different weight ratios of DCA3TBDF and PC 61 BM (1:1, 2:1, and 3:1) were investigated to optimize the performance of the device. With increasing D/A ratio in the active layer, the best performance was achieved with DCA3TBDF/PC 61 BM = 2:1, which reached a PCE of 3.84 % with V oc = 0.90 V, J sc = 6.54 mA cm
À2
, and FF = 65.25 % without annealing. If the D/ A blend ratio was increased to 3:1, the PCE of the SMOSC was reduced markedly to 1.47 % as a result of a reduction in the values of J sc and FF.
To further improve the photovoltaic performance of SMOSCs based on DCA3TBDF/PC 61 BM, thermal annealing at different temperatures was employed. By increasing the thermal annealing temperature, the values of J sc and FF of the device first increased and then decreased noticeably. After thermal annealing at 70 8C, the optimized device performance was obtained at a blend ration of 2:1, with a PCE of 4.49 %, V oc = 0.90 V, J sc = 7.32 mA cm À2 , and FF = 67.97 %. The absorption intensity of the DCA3TBDF/PC 61 BM blend film was enhanced by increasing the thermal annealing temperature (see Figure S2) , which was thought to be the main reason for the increased value of J sc for the devices. The high value of FF may be ascribed to high crystallinity and high carrier mobility of DCA3TBDF in the film. [27] Notably, all the devices exhibited high V oc values of 0.87-0.90 V because of the low-lying energy level of the HOMO of DCA3TBDF. [28] The current density versus voltage (J-V) curves of the device with a ratio of 2:1 before and after thermal annealing at 70 8C and the corresponding external quantum efficiency (EQE) curves are shown in Figure 4 . The EQE curves of the optimized device covered a broad wavelength range from 320 to 700 nm with a maximum EQE value of 43 % at 550 nm. The shape of the EQE curve for the DCA3TBDF-based SMOSCs is similar to that of its absorption spectra as a thin film. This result demonstrates that most of the absorbed sunlight of DCA3TBDF-based devices contributes to the generation of the photocurrent. [17] The higher EQE value for DCA3TBDF-based OSCs after thermal annealing at 70 8C results in an increased J sc value, and this is in agreement with the J-V measurements. The value of J sc (7.30 mA cm
) calculated from the EQE spectra is consistent with that measured from the J-V curve (7.32 mA cm
X-ray Analysis
Although DCA3TBDF itself possesses eight alkyl side chains, its solubility in chloroform solution was not good at room temperature. This indicates that DCA3TBDF undergoes strong self-aggregation because of the influence of the BDF unit, which is favorable for ordered arrangement in the solid state. The crystallinity of the DCA3TBDF/PC 61 BM thin film before and after thermal annealing at 70 8C was investigated by X-ray diffraction (XRD) ( Figure 5 ). The film exhibits a narrow (100) reflection peak at 2q = 4.048, which corresponds to an interlayer spacing of 21.9 . This spacing value is the distance between the planes of the main conjugated backbone of DCA3TBDF separated by the alkyl side chains. [16] The second-order diffraction peak (200) at 2q = 8.088, corresponding to a d 200 spacing value of 10.9 , was also observed, and this is indicative of the high crystallinity of the DCA3TBDF thin film. The higher crystallinity of the film after thermal annealing at 70 8C could benefit the transport and collection of charge carriers, which may be an important contributor to the high values of J sc and FF for the devices after annealing.
Hole Mobility
Hole mobility is another important factor for small molecules owing its direct influence on charge transport. High hole mobility could guarantee effective charge carrier transport to the electrodes and reduce the photocurrent loss in photovoltaic devices. The hole mobility of DCA3TBDF was measured by space-charge limit current (SCLC) [29] [30] [31] theory with a device structure of ITO/PEDOT:PSS/ DCA3TBDF:PC 61 BM/Au. The SCLC is described by [Eq. (1)]: [31] 
in which J stands for current density, e 0 is the permittivity of free space, e r is the relative dielectric constant of the transport medium, m h is the hole mobility, V is the internal potential in the device, and L is the thickness of the active layer. The internal potential V is obtained by subtracting the builtin voltage (V bi ) and the voltage drop (V s ) from the series resistance of the substrate from the applied voltage (V appl ) according to Equation (2):
As shown in Figure 6 , according to Equation (1), the hole mobility of DCA3TBDF before and after thermal annealing at 70 8C was calculated to be 1.0 10 À4 and 2.3 10
, respectively. Under the same measurement conditions, the hole mobility of DCA3TBDF was enhanced mainly because of improved intermolecular interactions and ordered alignment of the blend film after thermal annealing. The high mobility would benefit exciton separation and the transport and collection of the charge carrier. [32] Therefore, the values of J sc and FF were higher for the device after thermal annealing than for the device as cast.
Morphology
The morphology of the active layer is important for efficient solution-processed SMOSCs, because effective phase separation is very helpful for exciton separation and carrier transport and collection. [33, 34] To further understand the relationship between the morphology of the film and the performance of the device, the morphology of the DCA3TBDF/ PC 61 BM blend film before and after thermal annealing was investigated by using tapping-mode atomic force microscopy (AFM). As shown in Figure 7 , the pristine film of the DCA3TBDF/PC 61 BM blend has a root-mean-square (RMS) roughness of 12 nm, and the film after thermal annealing exhibits a RMS roughness of 12.5 nm, which implies a relatively high level of self-organization in the active layer. [32] Owing to the high crystallinity of DCA3TBDF, strong phase aggregation in the thin film is found, which leads to the relatively low value of J sc for the device.
Conclusions
In conclusion, a new D-A 2D small molecule, DCA3TBDF, based on benzo[1,2-b:4,5-b']difuran was designed and synthesized. DCA3TBDF exhibited good thermal stability and a HOMO energy level of À5.12 eV. The X-ray diffraction pattern of DCA3TBDF showed that it exhibited ordered 
Experimental Section
Materials
All starting materials and reagents were purchased from commercial sources and were used without further purification, unless otherwise mentioned. Toluene was dried with sodium by using benzophenone as an indicator. CHCl 3 and CH 2 Cl 2 were distilled from calcium hydride.
Measurements and characterization
NMR spectra were measured in CDCl 3 with a Bruker Advance III 600 spectrometer with tetramethylsilane (d = 0 ppm) as an internal standard. High-resolution mass spectra were recorded under the atmospheric pressure chemical ionization mode with a Bruker Maxis UHR TOF spectrometer. UV/Vis absorption spectra were obtained with a Hitachi U-4100 spectrophotometer. The surface roughness and morphology of the thin films were characterized by atomic force microscopy (AFM) with an Agilent 5400. The structure of the films was performed with grazing incidence X-ray diffraction (GIXRD, Bruker D8 ADVANCE). Xyclic voltammetry (CV) measurements were taken with a CHI660D electrochemical workstation in 0.1 m tetrabutylammonium phosphorus hexafluoride (Bu 4 NPF 6 )/acetonitrile solution at a scan rate of 100 mV s À1 by using a platinum wire as the counter electrode, a Ag/AgCl electrode as the reference electrode, and a platinum working electrode coated with DCA3TBDF. Ferrocene/ferrocenium (Fc/Fc + ) was used as the internal standard (the energy level of Fc/Fc + is À4.8 V under vacuum), and the formal potential of Fc/Fc + was 0.38 V vs. an Ag/AgCl electrode.
Fabrication and characterization of the SMOSCs
The bulk heterojunction SMOSCs based on DCA3TBDF were fabricated with a structure of ITO/PEDOT:PSS/DCA3TBDF:PC 61 BM/Ca/Al by using the conventional solution spin-coating process. The ITO-coated glass substrates were cleaned by sequential ultrasonic treatment in detergent, deionized water, acetone, and isopropyl alcohol for 20 min and subsequently oxygen plasma treatment was made for 10 min as the final step. Then, a thin layer of PEDOT:PSS was spin coated onto the ITO surface with a thickness of approximately 40 nm. After baking at 150 8C for 25 min, the substrates were transferred into a glove box. Subsequently, the active layer was spin coated in different blend ratios of DCA3TBDF and PC 61 BM in CHCl 3 solution at 1500 rpm for 20 s. Finally, a 10 nm Ca layer and a 100 nm Al layer were successively deposited onto the active layer under high vacuum (< 2.5 10 À4 Pa). Thermal annealing was performed by placing the completed devices on a digitally controlled hotplate at 70 8C in an argon-filled glove box.
The current density-voltage (J-V) characteristics of the devices were measured with a Keithley 2420 source measurement unit under simulated 100 mW cm À2 (AM1.5 G) irradiation from a Newport solar simulator. Light intensity was calibrated with a standard silicon solar cell. The external quantum efficiencies were analyzed by using a certified Newport incident photon conversion efficiency measurement system.
Synthesis
All coupling reactions were conducted under an argon atmosphere. The mixture was slowly heated up to 100 8C and stirred at this temperature overnight under an argon atmosphere. Then, water was added, and the mixture was extracted with CH 2 Cl 2 (3 ). The combined organic layer was dried with anhydrous Na 2 SO 4 . After removing the solvent under reduced pressure, the crude residue was purified by column chromatography (silica gel, petroleum ether/CH 2 Cl 2 ). Finally, 2 (1.59 g, 65 %) was obtained as a light yellow solid. 1 Compound 3 N-Bromosuccinimide (NBS; 0.89 g, 5.0 mmol) was added in small portions to a solution of 2 (1.53 g, 5.0 mmol) in CHCl 3 (35 mL) and acetic acid (35 mL). In the absence of light, the mixture was stirred for 6 h at room temperature. The mixture was diluted with water and extracted with CH 2 Cl 2 (3 ). The organic phase was dried with Na 2 SO 4 . After removing the solvent under reduced pressure, the crude product was purified by column chromatography (silica gel, petroleum ether/CH 2 Cl 2 ). (91 mg, 0.08 mmol) was added quickly. The mixture was slowly heated up to 100 8C and stirred at this temperature for 12 h under an argon atmosphere. Then, the cooled mixture was poured into water and extracted with CH 2 Cl 2 (3 ). The combined organic layer was dried with anhydrous Na 2 SO 4 . After removing the solvent under reduced pressure, the crude residue was purified by column chromatography (silica gel, petroleum ether/CH 2 Cl 2 ). Compound 4 (0.9 g, 60 %) was obtained as a red solid. 1 Compound 5 NBS (0.27 g, 1.51 mmol) was added in small portions to a solution of 4 (0.75 g, 1.5 mmol) in CHCl 3 (25 mL) and acetic acid (25 mL). In the absence of light, the mixture was stirred for 6 h at room temperature. The mixture was diluted with water and extracted with CH 2 Cl 2 (3 ). The organic phase was dried with Na 2 SO 4 . After removing the solvent under reduced pressure, the crude product was purified by column chromatography (silica gel, petroleum ether/CH 2 Cl 2 ). Compound 5 (0.69 g, 80 %) was obtained as an orange solid. 1 
